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1
TRANSFORMATION METHOD FOR
DIFFUSION SPECTRUM IMAGING USING
LARGE DEFORMATION DIFFEOMORPHIC
METRIC MAPPING

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to Taiwanese Application
No. 101129000, filed on Aug. 10, 2012.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to an image processing method, and
more particularly to an image processing method for mag-
netic resonance imaging.

2. Description of the Related Art

Diffusion MRI is a non-invasive imaging method suitable
for evaluating fiber orientation of a specific region and reveal -
ing the underlying white matter structure of the human brain.
One of the approaches is the diffusion tensor imaging (DTI),
where the water diffusion is modelled as Gaussian distribu-
tion. Practically, a DTI dataset consists of six diffusion
weighted (DW) images by applying the diffusion-sensitive
gradients in six non-colinear directions, and one null image
with no application of diffusion-sensitive gradient. The water
diffusion is encoded in the signal intensity of the DW images.
Therefore, with appropriate processing on the signal intensity
of the DTI dataset, the diffusion tensor in each voxel can be
estimated. The diffusion tensor could be represented by a
symmetric 3-by-3 matrix, where the principal eigenvector of
the matrix is usually assumed to coincide with the underlying
fiber orientation. The fiber orientation map can be further
processed to reconstruct the fiber pathways.

However, the Gaussian assumption limits DTI to detect at
most one fiber orientation in each voxel. Consequently, in
regions with crossing fibers, it is difficult for DTI to resolve
the fiber orientations and would lead to inaccurate estimation
of the anisotropy index.

The crossing fiber problem could be resolved through esti-
mating the diffusion orientation distribution function (ODF).
The diffusion ODF could be estimated by the high angular
resolution diffusion image (HARDI) methods, such as g-ball
imaging (QBI), or by a grid sampling scheme, which is also
called diffusion spectrum imaging (DSI). All of the methods
do not impose any diffusion models.

In neuroimage studies, it is usually required to transform
the brain images to a common space, the so-called template
space, to perform the analyses (e.g., statistical comparisons
between healthy and patient groups). It is known in the art to
use a linear or non-linear method to transform a three-dimen-
sional (3D) brain image to the template space. However, the
conventional 3D transformation methods can only deal with
scalar images. For an appropriate transformation on diffusion
images such as DTI, QBI or DSI, not only the anatomical
structures need to be registered, but the diffusion profiles
require to be aligned.

SUMMARY OF THE INVENTION

Therefore, an object of the present invention is to provide a
transformation method that may completely transform image
spatial information and diffusion information for diffusion
spectrum imaging (DSI) datasets.
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According to the present invention, a transformation
method for DSI comprises:

a) receiving an original DSI dataset and a template DSI
dataset;

b) using a processor to compute an energy function E;

¢) using the processor to obtain, for each time point, a
first-order derivative and a second-order derivative of the
energy function E computed in step b) with respect to velocity
field in an image space and a first-order derivative and a
second-order derivative of the energy function E computed in
step b) with respect to velocity field in a g-space;

d) using the processor to compute, for each time point, the
velocity field in the image space and the velocity field in the
g-space based upon the first-order and second-order deriva-
tives obtained in step c);

e) using the processor to perform integration on the veloc-
ity fields obtained in step d) over time to obtain a deformation
field, which maps the original DSI dataset to the template DSI
dataset; and

f) using the processor to generate a transformed DSI
dataset according to the deformation field obtained in step ¢).

BRIEF DESCRIPTION OF THE DRAWINGS

Other features and advantages of the present invention will
become apparent in the following detailed description of the
preferred embodiment with reference to the accompanying
drawings, of which:

FIG. 1 is a flow chart illustrating steps of a preferred
embodiment of the transformation method for diffusion spec-
trum imaging (DSI) according to the present invention;

FIG. 2 is an image of an original DSI of an example;

FIG. 3 is an image of the template DSI of the example; and

FIG. 41is an image transformed using the preferred embodi-
ment of the transformation method.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1, the preferred embodiment of the trans-
formation method for diffusion spectrum imaging (DSI)
according to this invention is implemented by a processor of
a computer after the computer loads a proprietary program
stored in a storage medium. The transformation method com-
prises the following steps:

Step S11: Receiving an original DSI dataset (such as the
image shown in FIG. 2) and a template DSI dataset (such as
the image shown in FIG. 3). A DSI image set often includes
hundreds of images, and FIGS. 2 and 3 are obtained by
summarizing the hundreds of the images to a generalized
fractional anisotropy (GFA) map.

Step 12: Using a processor of the computer to compute an
energy function E, which is:

1, 1 » (9]
E=E +E= 3 [vll dH—ﬁ (Wh)-g10 - Wh) dgdx
0

Ea

Ey

where E; is an energy of the transformation path, E, is an
energy representing data-matching, x is a three-dimensional
coordinate in an image space, and q is a three-dimensional
coordinate in a g-space. v, is velocity field at time t, o is a
parameter controlling the relative contribution between E,
and E,, W is a predetermined weighting function, I is the
template DSI dataset, and I, is the original DSI dataset. The
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interpretation of g, is that for a particle located at (x,q) at
timet=a, g,,(X,q) is a position of the particle at time t=b. Thus,
g, could be considered as a deformation mapping function of
W1, when t=1. The weighting function W(q) is to compensate
low signal intensity in regions with high Iql values.

Step 13: Using the processor to obtain, for each time point,
a first-order derivative and a second-order derivative of the
energy function E computed in step 12 with respect to veloc-
ity field in the image space and a first-order derivative and a
second-order derivative of the energy function E computed in
step 12 with respect to velocity field in the g-space.

A large deformation diffeomorphic metric mapping (LD-
DMM), which is proposed by Beg, M. F. et al. in 2005, is used
in this preferred embodiment. The transformation process is
assumed to behave like liquid flow, so that there is an associ-
ated velocity field at each time point. In other words, the
velocity field is a function of time.

In this embodiment, the first-order derivative of the energy
function E with respect to the velocity field in the image space
is computed using the following equation (2):

! @
e K[;leg,JlVX 2P - J})dq]

The first-order derivative of the energy function E with
respect to the velocity field in the q-space is computed using
the following equation (3):

0E

1 3
Bo =V K| =51Dg, IV, 207 - 1)

where v, is the velocity field in the image space attime t, v, ,
is the velocity field in the g-space at time t, K is a smoothing
operator characterizing the smoothness of the velocity field,
J0=(Wlp)og,o, and I,'<(WI)og,,

The second-order derivative of the energy function E with
respect to the velocity field in the image space is computed
using the following equation (4):

&PE 4

d v%y,

1
K[ f D8, (V. IX T, 12 g

The second-order derivative of the energy function E with
respect to the velocity field in the q-space is computed using
the following equation (5):

&PE (5)

1
=K D 0 N
B\/é,; - [ 2| gr,ll(vq‘]r)(vq‘]r) ]

Step 14: Using the processor to compute, for each time
point, the velocity field in the image space and the velocity
field in the q-space based upon the first-order and second-
order derivatives obtained in step 13.

In this embodiment, the first-order and second-order
derivatives obtained in step 13 are applied to a Levenberg-
Marquardt (LM) algorithm to accelerate calculation as in the
following equations (6) and (7):
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o _ L s ®
W =) - K[ f (5 1Dg IV V) + 1
1
(K7 - —51Dg, V. S009 -} ))dq]
s @

e t 1
G =) = K| (51D, |, 100V, I + 01

Vg,

_ 1
(K794 = —51Dg, 19,407 =41

where K~! is an inverse operator of K. Calculation may con-
verge after about 5 iterations (n=5), and the velocity field in
the image space and the velocity field in the g-space at time t
are thus obtained.

Step 15: Using the processor to perform integration on the
velocity fields obtained in step 14 over time to obtain a defor-
mation field which maps the original DSI dataset to the tem-
plate DSI dataset. The deformation field is obtained accord-
ing to the following equation (8):

dgo ®

dr

=Viogor

where o denotes function composition. Here the deforma-
tion field go,=(g, 0, &,0,)> Where g, which is an image
space component of g, is a function of x, and g, ,,, which is
a g-space component of g, is a function of both x and q.
Similarly, v~(v, , v, ), where v, which is an image space
componentof v,, is a function of x, and v, , which is a g-space
component of v,, is a function of both x and q.

Step 16: Using the processor to generate a transformed DSI
dataset according to the deformation field obtained in step 15.
The transformed DSI dataset is shown as the image in FIG. 4.

It should be noted that the processors used in each step of
this method may be the same or different.

To sum up, the transformation method of this invention
uses not only the three-dimensional information in the image
space, but also the three-dimensional diffusion information of
the DSI dataset, in a total of six dimensions. Therefore, when
the original DSI dataset is registered to the template space,
details like diffusion information in the image space and in
the q-space may be completely transformed, so as to enhance
precision of the subsequent comparison and application.

While the present invention has been described in connec-
tion with what is considered the most practical and preferred
embodiment, it is understood that this invention is not limited
to the disclosed embodiment but is intended to cover various
arrangements included within the spirit and scope of the
broadest interpretation so as to encompass all such modifica-
tions and equivalent arrangements.

What is claimed is:
1. A transformation method for diffusion spectrum imag-
ing (DSI) comprising:

a) receiving an original DSI dataset and a template DSI
dataset;

b) using a processor to compute an energy function E;

¢) using the processor to obtain, for each time point, a
first-order derivative and a second-order derivative of
the energy function E computed in step b) withrespectto
velocity field in an image space and a first-order deriva-
tive and a second-order derivative of the energy function
E computed in step b) with respect to velocity field in a
g-space;
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d) using the processor to compute, for each time point, the
velocity field in the image space and the velocity field in
the g-space based upon the first-order and second-order
derivatives obtained in step ¢);

e) using the processor to perform integration on the veloc-
ity fields obtained in step d) overtime to obtain a defor-
mation field, which maps the original DSI dataset to the
template DSI dataset, wherein the deformation field is
calculated according to:

dgo
dt

=Viogor;

and

wherein the deformation field g, (g, o, &,.0,), Wherexisa
three-dimensional coordinate in the image space, q is a
three-dimensional coordinate in the g-space, g, ,,, which
is an image space component of g, is a function of x,
and g_,,. which is a g-space component of g, is a
function of both x and q; and the velocity field v, ~(v,_,,
Vv,,..) Where v, which is an image space component of
v,, is a function of x, and v, ,, which is a g-space com-
ponent of v,, is a function of both x and q; and

f) using the processor to generate a transformed DSI

dataset according to the deformation field obtained in
step e).

2. The transformation method as claimed in claim 1,
wherein, in step d), the velocity field for each time point is
calculated using an iterative Levenberg-Marquardt algo-
rithm.

3. The transformation method as claimed in claim 1,
wherein, in step b), the energy function is:

e . m
E=ri+B= g [ iPdre oy [0 - Wi dads
0

Ey £y

where E,| is an energy of the transformation path, E, is an
energy representing data-matching, v, is the velocity
field at time t, O is a parameter controlling the relative
contribution between E, and E,, W is a predetermined
weighting function, I, is the template DSI dataset, I, is
the original DSI dataset, g, is a deformation mapping
function of WI, when t=1, x is a three-dimensional coor-
dinate in the image space, and q is a three-dimensional
coordinate in the g-space.

4. A transformation method for diffusion spectrum imag-

ing (DSI) comprising:
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a) receiving an original DSI dataset and a template DSI
dataset;
b) using a processor to compute an energy function E:

e . 8
E=bieBr= [P dre o [ (Wi - Widads
0

Ey £y

where E, is an energy of the transformation path, E, is an
energy representing data-matching, v, is the velocity
field at time t, 0 is a parameter controlling the relative
contribution between E, and E,, W is a predetermined
weighting function, I, is the template DSI dataset, I, is
the original DSI dataset, g, , is a deformation mapping
function of W1, when t=1, x is a three-dimensional coor-
dinate in the image space, and q is a three-dimensional
coordinate in the g-space;

¢) using the processor to obtain, for each time point, a
first-order derivative and a second-order derivative of
the energy function E computed in step b) withrespectto
velocity field in an image space and a first-order deriva-
tive and a second-order derivative of the energy function
E computed in step b) with respect to velocity field in a
g-space;

d) using the processor to compute, for each time point, the
velocity field in the image space and the velocity field in
the g-space based upon the first-order and second-order
derivatives obtained in step c);

e) using the processor to perform integration on the veloc-
ity fields obtained in step d) overtime to obtain a defor-
mation field, which maps the original DSI dataset to the
template DSI dataset;

f) using the processor to generate a transformed DSI
dataset according to the deformation field obtained in
step e).

5. The transformation method as claimed in claim 4,

wherein, in step e), the deformation field is calculated accord-
ing to:

dgo:
dr

=Viogors

where v, is velocity field at time t, g, is the deformation
field at time t, and ° denotes function composition.
6. The transformation method as claimed in claim 4,

wherein, in step d), the velocity field for each time point is
calculated using an iterative Levenberg-Marquardt algo-

50 rithm.



